The physiological roles of GABA transporter 2 (GAT2) are unknown. Results: Deletion of the GAT2 gene reduced liver taurine levels but increased brain levels. Conclusion: GAT2 is unimportant for inactivation of neurotransmitter GABA. Instead, GAT2 is a major taurine transporter in hepatocytes and an efflux transporter at the blood-brain barrier. Significance: GAT2 knockout mice will be crucial for uncovering the roles of GAT2.
The mammalian genome contains four genes encoding high affinity GABA transporters (GAT1, slc6a1; GAT2, slc6a13; GAT3, slc6a11; and BGT1, slc6a12 (1, 2) ). Most of the interest in these transporters has been in relation to their roles in the inactivation of GABA signaling in the central nervous system (3) (4) (5) . (Here, we use the GABA transporter nomenclature adopted by the HUGO Gene Nomenclature Committee.) Several studies indicate that GAT1 and GAT3, which are strongly expressed in the brain, account for most of the brain GABA uptake (4, 6 -9) . In contrast, BGT1 is expressed at low levels in the brain (10) and is concentrated in the leptomeninges rather than in brain tissue proper (11) , arguing against a role in controlling GABA receptor activation. Less is known about GAT2. Because neither the exact cellular distribution of GAT2 nor the expression levels have been determined, the literature gives no clues as to a physiological function that can explain why the GAT2 gene is highly conserved among species.
Outside the central nervous system, GABA uptake has been described in liver and kidney in vivo (12, 13) and in vitro (14, 15) , and GABA may play a signaling role in peripheral organs, including the immune system (16, 17) . GAT2 is a promising candidate for peripheral GABA uptake (2, 4, 6, 18 -23) . However, BGT1 has also been shown to be expressed in hepatocytes and in renal collecting ducts (11) . Furthermore, as the expression levels of GAT1 and GAT3 have also not been precisely measured in these organs, it is not known which subtype(s) can contribute.
GABA uptake is related to taurine uptake as both GAT2 and TAUT 2 interact with both compounds. The taurine transporter (slc6a6), which has high affinity for taurine (K m 4.5 M in mouse and K m 40 M in rat (24, 25) ), can also transport GABA but with low affinity (K m 1.5 mM (26) ). However, GAT2 transports taurine but is classified as a GABA transporter because the affinity for GABA (K m 18 M) is considerably higher than that for taurine (K m 540 M in rat (2) ).
Taurine is a ubiquitously distributed aminosulfonic acid to which several important functions have been ascribed, includ-ing antioxidation, osmoregulation, and conjugation of bile acids as well as modulation of neurotransmission and ion movements (27) (28) (29) . Although TAUT plays a dominant role in taurine transport (30) , there are many unresolved issues. For instance, at the blood-brain barrier, there is a taurine-sensitive GABA transport that is hard to attribute to TAUT alone because it is also sensitive to betaine and nipecotic acid (31) (32) (33) (34) (35) (36) (37) . Deletion of the TAUT gene in mice resulted in dramatic reductions (Ͼ80%) in tissue taurine levels in several tissues, including brain, kidney, plasma, and retina, as well as skeletal and heart muscle (30) , but immunocytochemistry for taurine suggested that the taurine loss in hepatocytes was only 30% (38) . Furthermore, it is not clear whether all of the taurine uptake activity in the liver is due to TAUT, because the liver taurine uptake is more sensitive to competitive inhibition by GABA (39) than is expected from TAUT's low affinity for GABA (26) . Taken together, this suggests the existence of an unrecognized taurine transporter at both the blood-brain barrier and in the liver.
To address these issues, we have here, for the first time, generated mice lacking the GAT2 (slc6a13) gene. We have also generated a number of antibodies to GAT2 (both to the C and N termini) and used them to identify the locations of GAT2 in tissue sections. The labeling specificity was validated by using tissue deficient in GAT2 as negative controls. Furthermore, we have identified the transporters responsible for GABA and taurine uptake in the liver by using isolated rat hepatocytes and by quantifying the levels of mRNAs encoding GAT1, GAT2, GAT3, BGT1, and TAUT. We confirm that GAT2 is able to transport taurine. Finally, we have measured the tissue contents of amino acids in livers, kidneys, and brains from wild-type and GAT2 knockout mice and find increased taurine levels in the brain and reduced levels in the liver.
EXPERIMENTAL PROCEDURES
Materials-N,NЈ-Methylenebisacrylamide, acrylamide, ammonium persulfate, TEMED, and alkaline phosphatase substrates (nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate) were from Promega (Madison, WI). SDS of high purity (Ͼ99% C12 alkyl sulfate) and bis(sulfosuccinimidyl)suberate, SuperSignal West Dura, were from Pierce, and electrophoresis equipment were from Hoefer Scientific Instruments (San Francisco). Molecular mass markers for SDS-PAGE, biotinylated anti-rabbit immunoglobulins, nitrocellulose sheets (0.22-m pores, 100% nitrocellulose), [ Antibodies-Affinity-purified anti-peptide antibodies were prepared as described (40) by immunizing rabbits with peptides corresponding to N-and C-terminal stretches of GAT2 (Table  1 ). The antibody Ab1050 (corresponding to the mouse N-terminal residues 1-40) and Ab1068 (corresponding to the rat C-terminal residues 552-602) were used for immunoblotting and for immunocytochemistry except when stated otherwise. Rat antibodies to mouse CD31, which are also known as PECAM-1 (Platelet Endothelial Cell Adhesion Molecule-1), were from Pharmingen (catalog no. 553370; lot 43370). Mouse monoclonal antibodies to glutamine synthetase were from Chemicon (catalog no. MAB302, Billerica, MA). Fluoresceinlabeled Lotus tetragonolobus lectin (catalog no. FL-1321) and fluorescein-labeled Dolichos biflorus agglutinin lectin (catalog no. FL-1031-2) were from Vector Laboratories (Burlingame, CA).
Animals-All animal experimentations were carried out in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC). Formal approval to conduct the experiments was obtained from the animal subjects review board of the Norwegian Governmental Institute of Public Health (Oslo, Norway). Care was taken to minimize the number of the experimental animals and to avoid suffering. All animals were fed water ad libitum.
Mice (GAT2-fKO) lacking the GAT2 (slc6a13) gene were housed in individually ventilated cages at constant temperature (22 Ϯ 0.7°C) and relative humidity (56 Ϯ 6%) and with water ad libitum. The cycle of light was 14 h of light and 10 h of darkness. Cages bedded with Nestpaks TM (Datesand Ltd., Manchester, UK) and enriched with red huts and wooden sticks were changed every 2 weeks. The mice were fed Harlan Teklad 2018, which is a regular unpurified diet rich in taurine (Harland Laboratories Inc., Indianapolis, IN). Young adult male Wistar rats (Møllergaard and Blomhoff, Denmark) weighing 200 -220 g were kept on a 12-h light/dark cycle. New Zealand rabbits obtained from B&K Universal (Sollentuna, Sweden) were kept in the animal facility at the Institute of Basic Medical Sciences. Rabbits were immunized and bled as described (40) , but they were injected subcutaneously rather than intracutaneously.
Construction and Production of Knockout Animals-The targeting vector was constructed using recombineering technique TABLE 1 Antibodies and peptides used to produce them Species (Sp.) differences between rat (R) and mouse (M) protein sequences are indicated with boldface and underscore. The peptides were made as C-terminal amides except those that represent the actual C terminus. The latter were synthesized as free acids as indicated. Peptides representing GAT2 were synthesized based on the mouse (NP_653095.1) and on the rat (NP_598307.1) protein sequences. The GAT1 (NP_077347) and GAT3 (NP_077348) sequences were the same in mice and rats. The BGT1 peptide was based on the mouse sequence (P31651). The residue numbers are indicated. The antibodies to GAT1 and GAT3 (8, 89) and BGT1 (11) described by Liu et al. (41) . A genomic DNA fragment of 10,891 bp containing exons 4 -7 of the gene was retrieved from BAC clone RP23-451N15. A loxP sequence was inserted to intron 4 and an frt-neo-frt-loxP cassette was inserted into intron 7. A fragment of 3,974 bp genomic DNA containing exon 5-7 was floxed and thus created an out of frame deletion after Cre excision ( Fig. 1A ). The targeting vector was electroporated into D1 ES cells, which were derived from F1 hybrid blastocyst of 129S6ϫC57BL/6J by the Gene Targeting and Transgenic Facility at University of Connecticut Health Center. The G418-resistant ES clones were screened by nested PCR using primers outside the construct paired with primers inside the neo cassette. Chimeric mice were generated by aggregating ES cells with 8-cell embryos of the CD-1 strain. The neo cassette was removed by breeding germ line chimeras with ROSA26FLP1 (Jax stock 003946) homozygous females. The ensuing mice, with LoxP sites in the GAT2 gene, are hereafter referred to as "GAT2-flox" mice. While backcrossing to the C57Bl6 mouse strain, GAT2-flox mice were crossed with Hprt1-Cre (42) mice in the C57Bl6 background. The Hprt1 promotor causes Cre expression and thereby deletion of the GAT2 gene in all cells. The offspring lacking GAT2 completely are hereafter referred to as "GAT2-fKO" mice. These mice have a mixed 129/C57Bl6 genetic background and are in effect conventional knockouts, and they are the mice that have been used in this study. Mice homozygote for the knockout allele (fKO) are hereafter referred to as "knockouts," and mice carrying both the wild-type allele (WT) and the knockout allele are referred to as "heterozygotes," and mice homozygote for the wild-type allele are referred to as "wild types." Genotyping-Biopsies from ear or tail were proteinase K-digested and subjected to PCR. The primers to detect the GAT2flox genotype were 5Ј-cactgagctatcttgctggt-3Ј and 5Ј-ggaacagtttgacaccccaa-3Ј. The expected PCR products were 262 bp for the wild-type allele and 356 bp for the floxed allele. The primers used to detect the knockout allele after Cre excision were 5Ј-cactgagctatcttgctggt-3Ј, 5Ј-gtcactggctatacgtagct-3Ј, and 5Ј-ggaacagtttgacaccccaa. The expected products were 262 bp for the wild-type allele and 379 bp for the knockout allele ( Fig. 1, B and C). Both alleles would be present for a heterozygote.
RNA Isolation, cDNA Synthesis, and TaqMan Assays-Pieces of tissues (5-15 mg) were collected and immediately protected in RNAlater (Ambion), before homogenization and RNA extraction using RNeasy (Qiagen). The RNA concentration was quantified by using NanoDrop UV spectrometry (Nano-Drop Technologies, Wilmington, DE). Two g of RNA were converted into cDNA by using High Capacity cDNA archive kit. GAT2 expression was measured using TaqMan probes (Mm00446836_m1 and Mm01184315_m1) on a 7900HT Fast Real Time PCR system (Applied Biosystems, Carlsbad, CA). The probes used to detect GAT1, GAT3, BGT1, TAUT, and GAPDH were, respectively, Mm00618601_m1, Mm00556476_ ml, Mm00446665_ml, Mm00436909_m1, and Mm03302249_g1.
Electrophoresis and Immunoblotting-Tissue was homogenized in 10 -20 volumes of ice-cold water (containing 5 mM EDTA and 1 mM PMSF) and centrifuged (39,000 ϫ g, 20 min, 4°C). The supernatants from this centrifugation contained the water-soluble proteins and are hereafter referred to as "supernatant." Care was taken to keep samples cold and work quickly because some other transporters have been shown to be prone to proteolysis (43, 44) . The pellets, containing the water-insoluble proteins, were subsequently solubilized in 1% (w/v) SDS in 10 mM sodium phosphate buffer, pH 7.4 (NaP i ), briefly sonicated, and centrifuged (39,000 ϫ g, 20 min, 15°C). The supernatants from this last centrifugation are hereafter referred to as "pellet." The pellets and the supernatants were then subjected to SDS-PAGE and immunoblotted as described (45) .
Immunocytochemistry-Mice (aged 36 -92 days) were perfusion-fixed as described before (40) . Briefly, they were given a lethal dose of pentobarbital, and after cessation of all reflexes, they were perfusion-fixed for 5 min with a fixative consisting of 4% formaldehyde in NaP i with or without 0.1% glutaraldehyde as stated. The formaldehyde was produced by depolymerizing paraformaldehyde as described before (40) . All experiments were performed using wild-type and GAT2 knockout littermate pairs processed in parallel. The images shown here have been prepared by using the antibodies at concentrations below those that gave rise to labeling in GAT2-deficient tissue. We have recently shown how important this validation is (46, 47) . The relevant tissues were collected and immersed in fixative for about 1 h at room temperature. Sections were cut from the fixed unfrozen tissue using a Vibratome 1000 plus (Vibratome, Bannockburn, UK) (thickness, 50 m).
Immunoperoxidase labeling was done as described previously (48) . The sections were treated (5 min) with 1% hydrogen peroxide in 0.1 M NaP i to inactivate endogenous peroxidase and then treated (30 min) with 1 M ethanolamine in 0.1 M NaP i . After being washed in phosphate-buffered saline (135 mM NaCl in 10 mM NaP i ), the sections were incubated for 1 h in Trisbuffered saline (TBS: 300 mM NaCl in 100 mM Tris-HCl buffer, pH 7.4) containing 10% newborn calf serum. Then they were incubated with primary antibodies overnight, followed by biotinylated donkey anti-rabbit Ig (1:100) and streptavidin-biotinylated horseradish peroxidase complex (1:100). The sections were examined and photographed on Zeiss Axioskop 2 plus equipped with AxioCam MRc r1.2 camera (Zeiss, Jena, Germany).
For immunofluorescent labeling (49) , the sections were rinsed (three times for 5 min) in TBST (TBS with 0.5% Triton X-100), treated with 1 M ethanolamine in 0.1 M NaP i for 30 min, washed in TBST, incubated (1 h) in TBST containing 10% newborn calf serum and 3% bovine serum albumin followed by incubation with primary antibodies and finally with secondary antibodies (Alexa Fluor goat anti-rabbit 555, Alexa Fluor goat anti-mouse 488, or Alexa Fluor goat anti-rat 488, Molecular Probes, Eugene, OR) diluted 1:1000. For double labeling in kidney, fluorescently labeled lectins to renal collecting ducts (fluorescein-labeled Dolichos biflorus agglutinin) or renal proximal tubules (fluorescein-labeled Lotus tetragonolobus lectin) (50) were diluted to 1:300 and added to the secondary antibody solutions. The sections were observed in a Zeiss Axioplan 2 microscope equipped with a Zeiss LSM 5 Pascal confocal scanner head (Zeiss, Jena, Germany). Pinhole size was around 1 area unit, optimized for each wavelength to ensure confocality. Exci-tation wavelengths were 488 and 555 with corresponding emission wavelengths at 520 and 568 nm.
[ 3 
H]GABA and [ 3 H]Taurine Uptake by Primary Cultures of Rat
Hepatocytes-Hepatocytes were isolated from young adult male Wistar rats (200 -220 g) and seeded as described previously (51) . The cultures were kept in 5% CO 2 at 37°C. Cell culture medium was removed, and the uptake reaction was started by adding 200 l of ]taurine, 25 min), the reaction was terminated by removal of the transport medium and washing two times with 400 l of ice-cold transport medium. Then 300 l of 1 M potassium hydroxide was added to the cells (30 min, room temperature), and the cell-associated radioactivity was determined by liquid scintillation counting.
Amino Acid Measurements-For measurements of amino acids, mice were killed by cervical dislocation and decapitation. Livers and brains were rapidly removed and plunged into liquid nitrogen. The tissue samples were weighed in the frozen state and homogenized to a 10% homogenate (w/v) with 3.5% perchloric acid (v/v) containing 1 mM ␣-aminoadipate as an internal concentration standard. Protein was removed by centrifugation, and samples were neutralized with 9 M potassium hydroxide. The precipitating potassium perchlorate was removed by centrifugation. Amino acids were quantified by HPLC after pre-column derivatization with o-phthaldialdehyde as described (52) .
Uptake of [ 3 H]Taurine and [ 3 H]GABA by GAT2-transfected HEK293 Cells-HEK293 cells and HEK293 cells stably express-
ing mouse GAT2 (slc6a13) were cultivated as described (53) . They were originally referred to as "HEKmGAT3" (53), but to avoid confusion due to GABA transporter nomenclature, we here refer to them as "HEK-GAT2." These cells were grown in 145-cm 2 plates to a confluence of 70 -90%, detached by repeated aspiration and discharge of 12 ml of Dulbecco's modified Eagle's medium (DMEM, Sigma), transferred to 50-ml tubes, and pelleted by centrifugation (5 min, 500 ϫ g, Biofuge Stratos, Heraeus, Hanau, Germany). The cells were resuspended in the same volume of PBS (137 mM NaCl, 2.7 mM KCl, 8 mM Na 2 HPO 4 , 1.75 mM KH 2 PO 4 , pH 7.4) and centrifuged again. After repeating this washing step, the cells were resuspended in Krebs buffer (2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 4.7 mM KCl, 11 mM glucose, 25 mM Tris, 119 mM NaCl with hydrochloric acid adjusted to pH 7.2) or Krebs buffer without Na ϩ (2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 4.7 mM KCl, 11 mM glucose, 25 mM Tris, 119 mM choline chloride with hydrochloric acid adjusted to pH 7.2). Uptake assays were performed immediately with aliquots of the resulting cell suspension (about 400,000 cells) in a total volume of 250 l in 3.5-ml polystyrene tubes (Sarstedt, Nümbrecht, Germany). The cells were equilibrated for 25 min in Krebs buffer in the presence of the test compound at 37°C in a gently shaking water bath. After addition of 25 l of 1500 nM [ 3 H]taurine (740 GBq/ mmol, Biotrend, Köln, Germany) in Krebs buffer, the cells were incubated for another 10 min. Incubation was stopped by filtration through Whatman GF/C filters pre-soaked for 1 h in 0.9% NaCl by means of a Brandel M-24R harvester. The filters were rinsed with cold 0.9% NaCl and subsequently counted in 3 ml of Rotiszint Eco Plus (Roth, Karlsruhe, Germany) by means of a Packard TriCarb 2300 liquid scintillation counter (PerkinElmer Life Sciences).
Uptake assays with [ 3 H]GABA were performed the same way described above with aliquots of the resulting cell suspension (about 400,000 HEK-GAT2). After a preincubation for 25 min (performed as described for [ 3 The double arrows indicate the positions of the two sets of nested primers used for ES cell screening. They were located outside the construct and inside the neo cassette. The neo cassette was removed in the GAT2-flox mice generated from chimera ϫ Rosa26FLP crossing. The genotyping primers were indicated by black arrows below the After FLP excision allele and After Cre excision allele. After Cre excision, the DNA encoding amino acid residues 160 -277 were deleted. This region is essential for transport activity, and there will be no transport activity without it (87, 88) . Furthermore, the deletion causes the remaining sequences to be out of frame. stopped by filtration and radioactivity measured as described above. Data Analysis-Specific uptake in inhibition experiments was defined as the difference between total uptake (without any inhibitor) and nonspecific uptake in the presence of 10 mM ␤-alanine). The IC 50 values of the test compounds were calculated from inhibition curves with Prism 4.02 (GraphPad Software, San Diego) using the equation intended for one-site competition. Specific uptake in the absence of any inhibitor was set to 100% (top constraint), whereas nonspecific uptake defined in the presence of 10 mM ␤-alanine was set to 0% (bottom level constraint).
RESULTS
Construction of GAT2 Knockout Animals-The GAT2-flox mice were crossed with a general deleter line (Hprt1-Cre; Ref. 42 ) causing Cre-mediated GAT2 deletion in all cells (Fig. 1A) . The offspring after this crossing was maintained as heterozy-FIGURE 2. Gender and genotype distributions and growth curves of the GAT2-fKO mice. A, gender distribution (based on 548 mice) was 52.1% males and 47.9% females. B, genotype distribution (based on 89 mice) was 26.9% wild types (WT), 47.1% heterozygotes (H), 21.4% knockouts (KO), and 5.6% undetermined (ND). Thus, the proportions of WT, heterozygotes, and knockouts were about 1:2:1. C, body weights were plotted according to gender and genotype as indicated. The data were based on eight wild-type males, eight knockout males, 9 wild-type females, and 6 knockout females that were followed for 150 days. Note that there were no significant differences between wild-type (solid lines) and knockout mice (dashed lines). FIGURE 3. GAT2 mRNA levels in knockout (ko) and wild-type (WT) animals were measured using TaqMan real time PCR analysis with two different GAT2 probes (Mm01184315_m1 and Mm00446836_m1). A, probe Mm01184315_m1 was directed to a part of the sequence that has been deleted (see Fig. 1A ), although probe Mm00446836_m1 was to a part still present in the genome. B and C, two GAT2 probes gave similar results in wild-type (WT) mice. The highest GAT2 mRNA levels were found in liver (Li) and kidney (K), whereas the levels in the cerebellum (Cb) and cerebral cortex (neocortex, Ct) were low. Note that both the neocortical and cerebellar samples included the surface (pia mater) and that the kidney samples were thin slices from the middle part of intact kidneys thereby containing a small amount of renal medulla surrounded by renal cortex. Also note that the samples from knockout mice gave no signal with the Mm01184315_m1 probe (C) but a weak signal with the other probe (B) indicating that some of the nonexcised part of the gene was still transcribed, albeit at low levels and with a frameshift (see Fig. 1A ). The data were based on samples from three pairs of fKO and wild-type littermates (2-3 months old). The blot was developed with the C-terminal GAT2-antibody Ab1050 (2 g/ml), and bound antibodies were detected using alkaline phosphataseconjugated secondary antibodies and alkaline phosphatase substrates. B, immunoblots to detect GABA transporters. Curly braces indicate the expected location of transporter bands. 60 g of protein from liver was loaded. The blots were developed with C-terminal antibodies (0.5 g/ml) to BGT1 (Ab 590 (11)), GAT1 (Ab 305), and GAT3 (Ab 296), respectively. C, levels of mRNA encoding GABA transporters were measured relative to glyceraldehyde phosphate dehydrogenase in mouse liver using TaqMan real time PCR.
The CT values represent the number of PCR cycles required to reach detection threshold for each GABA transporter subtypes. For example, the difference in ⌬CT values between GAT2 and GAT3 was about 10 implying that GAT2 mRNA was present at 2 10 times higher concentrations. The results were from four independent experiments (means Ϯ S.E.). DF, dye front.
gotes that were used as breeders to obtain littermates of homozygote mice (knockout and wild-type mice). These mice were first tested using PCR to verify whether the genomic changes worked as intended. DNA from wild-type mice, GAT2-flox mice, and GAT2-fKO mice were collected. As shown (Fig. 1, B and C) , the lengths of the PCR products were as they should be according to the design (Fig. 1A) .
Breeding and Examination of the Mice-Heterozygous GAT2-fKO (fKO/WT) mice were breeding well, and the knockout mice (fKO/fKO) appeared normal with a normal life span (more than 2 years). The gender distribution was normal ( Fig.  2A) , and the genotype distribution of wild-type, heterozygote, and knockout mice was close to the expected Mendelian ration of 1:2:1 (Fig. 2B) . Furthermore, the knockout mice were fertile; they gave normal litter sizes (data not shown), and had a growth curve similar to that of wild-type littermate mice (Fig. 2C) , at least under the normal rearing conditions tested here.
Expression of GABA Transporter mRNAs-To test if GAT2 mRNA was in fact absent, TaqMan real time PCR was used. As shown (Fig. 3, B and C) , GAT2 mRNA was present at relatively high levels in liver and kidney from wild-type mice. There was no significant signal ( Fig. 3B) in tissue from the knockout mice when using probe Mm01184315_m1, which binds to a part of the sequence that has been deleted (Fig. 1A) . The other probe that binds to a part upstream from the deleted sequence, did give a weak signal (Fig. 3C) . This, however, did not give rise to immunoreactivity (Fig. 4A ) confirming that the knockout construct with a frameshift mutation (Fig. 1A) worked as intended. The mRNA levels in whole cerebellum (including leptomeninges and blood vessels) and in kidney were 5.5 Ϯ 1 and 30 Ϯ 2%, respectively (means Ϯ S.E., n ϭ 4), of the levels in the liver.
Expression of GABA Transporter Proteins-Consistent with the above data (Fig. 3) , the strongest GAT2 labeling (Fig. 4A ) was obtained with extracts containing membrane proteins from liver (lane 1). Note that GAT2 migrated as a broad band (indicated by braces) similar to many other transporter proteins, including BGT1 (see Fig. 4B , below) and glutamate transporters (56, 57) . GAT2 was not detected in any of the watersoluble fractions from wild-type mice (the only one shown is from liver, see Fig. 4A, lane 2) . Furthermore, GAT2 was not detected in samples from the GAT2 knockout mice (Fig. 4A,  lanes 3, 4, 6, 8, 10, and 12) . Also note that bands seen in extracts from the GAT2 knockout or from the water-soluble fractions do not represent GAT2. This blot was developed to detect low level expression and not to obtain a cleanest possible picture.
High GAT2 levels were also found in kidney (Fig. 4A, lane 5) , while the expression levels of GAT2 in brain were low. When neocortical surface was scraped off to obtain sample enriched in the leptomeninges, a weak GAT2 band could be seen on the blots (Fig. 4A, lane 11) . In contrast, the extract from the remaining neocortex did not give any detectable GAT2 signal (Fig. 4A,  lane 7) . Extracts from the cerebellum gave a weak GAT2 signal (Fig. 4A, lane 9) , but this may simply be due to larger surface/ volume ratio.
To determine whether the liver expressed other proteins with similar functions, Western blots were probed with antibodies to the other GABA transporters. As shown (Fig. 4B) , BGT1 protein was readily detected in the liver, whereas GAT1 and GAT3 were not. This is in agreement with the mRNA levels in liver (Fig. 4C ). Note that detection of GAT1 and GAT3 required 8 -10 more cycles than detection of GAT2. Assuming comparable affinities of the probes, these data suggested that FIGURE 5. Brain GAT2 is located in the leptomeninges and in some blood vessels. A-C, light micrographs of immunoperoxidase labeled sections from wild-type (B and C) and knockout (A) brain using anti-GAT2 antibodies (Ab1050; 3 g/ml). B and C show GAT2 in the leptomeninges. Note that there was a weak but uneven background labeling. Without the negative control that the knockout mice represented, this could easily have been misinterpreted as due to GAT2. D-F, confocal micrograph of GAT2 protein in sections from wild-type (E and F) and knockout (D) mice. The sections were labeled with anti-GAT2 antibodies Ab#1050 (red; 1 g/ml) and anti-CD31 antibodies (green; 0.5 g/ml; endothelial marker), and then mounted in DAPI containing medium to visualize the nuclei (blue). Note that GAT2 was present in leptomeninges (E) and in a subpopulation of small blood vessels (F, arrowheads). Fixative, 4% formaldehyde in 0.1 M NaPi, pH 7.4. Scale bars, 100 m in A and B; 10 m in C; 20 m in D-F. GAT1 and GAT3 were expressed at levels that were several hundred times lower than those of GAT2.
Immunocytochemical Localization of GAT2 Protein in Mice-In agreement with the immunoblots, a strong GAT2 signal was detected in the leptomeninges (Fig. 5, B , C and E), but GAT2 protein was neither detected in brain tissue proper nor in ependymal cells. Some blood vessels, however, expressed GAT2 (Fig. 5F ). This labeling represented GAT2 because there was no labeling with the GAT2 antibodies in this tissue from knockout littermates processed in parallel (Fig. 5, A-D) . (The non-GAT2 bands seen in Fig. 4A illustrate why it is so important to have tissue from knockout mice as negative controls. For discussion, see Ref. 47.) In the kidneys, GAT2 immunolabeling was observed in the cortex but not in the medulla. The highest labeling intensity was in the deeper parts of the cortex close to the medulla (Fig. 6 , A, C, and D) in agreement with an earlier report (21) . Confocal microscopy revealed that GAT2 was not present at the collecting ducts (Fig. 6H ) but at the basolateral membranes of parts of proximal tubules (Fig. 6, F and L) . Neither the luminal (brush border) membranes ( Fig. 6, F, H, and L) nor glomeruli and blood vessels were labeled (data not shown). There was no GAT2 labeling in sections from knockout littermates processed in parallel ( Fig. 6, B, E, G, I, and K) .
In the liver, strong labeling with the GAT2 antibodies was obtained, but the labeling was not evenly distributed throughout the parenchyma (Fig. 7A ). Double labeling with antibodies to glutamine synthetase (Fig. 7B) , which is a marker for perivenous hepatocytes (58) , showed that GAT2 was expressed at the highest levels in periportal hepatocytes. (The antibody used here to label glutamine synthetase also labeled endothelial cells.) When sections were double-labeled with antibodies to an endothelial marker ( Fig. 7C ) and to GAT2 (Fig. 7D) , it was evident that GAT2 was predominantly expressed in hepatocyte plasma membranes (Fig. 7, D and E) . The labeling was not limited to the vascular side but appeared to cover most of the surface of the hepatocytes, although the highest labeling intensity was mostly found at the vascular side (Fig. 7F) . The endothelium was unlabeled with GAT2 antibodies (Fig. 7F) . Tissue from GAT2 knockout littermates processed in parallel was GAT2-negative ( Fig. 7G ).
Uptake of [ 3 H]GABA in Isolated Rat
Hepatocytes Is Mostly Due to GAT2-As shown above (Fig. 4, B and C) , BGT1 was also present in the liver and at concentrations that were almost as high as those of GAT2. To get more direct information on their contributions to GABA uptake, GABA uptake activity in isolated hepatocytes was measured. The accumulation of [ 3 H]GABA by these cells was dependent on sodium ( Fig. 8B ) and strongly inhibited (Fig. 8C ) by addition of 1 mM GABA, 1 mM ␤-alanine, 1 mM (RS)-nipecotic acid, or 1 mM hypotaurine. The uptake was virtually unaffected by 1 mM DL-methionine, 1 mM L-cysteine, 1 mM cysteine sulfinic acid, or 1 mM betaine (Fig.  8C) . Also, this uptake was unaffected by the selective GAT1 inhibitor tiagabine (3 M) (59) . Thus, this substrate selectivity did not match that described for GAT1 and BGT1 because rat GAT1 is highly sensitive to tiagabine and rather insensitive to ␤-alanine (60 -62), and BGT1 is sensitive to betaine and less sensitive to (RS)-nipecotic acid (63) . Lack of contribution by GAT1 and GAT3 is in agreement with their exceedingly low expression levels in the liver (Fig. 4, B and C) . The minor contribution by BGT1 may in part be due to lower expression levels and in part due to lower affinity for GABA than GAT2 (18) . Consequently, it can be concluded that GAT2 is the major contributor for GABA uptake in the liver. ؉, A, C, D, F, H, and L) and kidneys from GAT2 knockout (؊/؊, B, E, G, I, and K, negative control) . A and B, low magnification light micrographs of immunoperoxidase-labeled sections from wild-type and knockout mice kidneys (Ab1068; 3 g/ml). Scale bars, 50 m. C-E, montage of multiple confocal micrographs showing GAT2 protein (red) in wild-type (C and D) and knockout (E) kidney. The sections were labeled with anti-GAT2 antibodies (red; 1 g/ml) and with either (C) fluorescein-labeled D. biflorus agglutinin lectin (green; 1:300; marker for collecting ducts), or (D and E) fluorescein-labeled L. tetragonolobus Lectin (green; 1:300; marker for proximal tubules). Note that GAT2 was located in the deeper parts of the renal cortex close to the medulla. Scale bars, 20 m. F and G, higher magnification images from the same sections as in A and B. Note that the labeling (F) was in the basolateral membranes and not in the brush border. Scale bars, 10 m. H, L, I, and K, confocal micrographs of GAT2 protein at the border between the cortex and outer medulla. H and I were obtained from the sections that were stained with fluorescein-labeled D. biflorus agglutinin lectin (green; marker for collecting duct), and L and K were labeled with fluorescein-conjugated L. tetragonolobus lectin (green; marker for proximal tubules). Note that GAT2 was in the basolateral membranes in proximal tubules. Scale bars, 20 m. For all panels the fixative used was 4% formaldehyde and 0.1% glutaraldehyde in 0.1 M NaP i , pH 7.4. Abbreviations used are as follows: Co, renal cortex; CD, collecting duct; OS, outer strip of outer medulla; PT, proximal tubules.
Taurine Is a Substrate for GAT2-The inhibition of hepatocyte GABA uptake by nipecotic acid, butyrobetaine, and taurine (Fig. 8C ) raised the question if GAT2 can transport taurine. This was tested directly (Fig. 9 ) using GAT2-transfected HEK293 cells (HEK-GAT2). These cells and nontransfected HEK293 cells (negative control) were incubated with [ 3 H]taurine (150 nM) alone or in combination with 10 mM ␤-alanine, 100 M (S)-SNAP-5114, 100 M nigericin (ionophore), or 100 M ouabain (Na ϩ /K ϩ -ATPase inhibitor). As shown (Fig. 9A ) HEK-GAT2 cells were able to take up [ 3 H]taurine in a sodiumdependent manner. Addition of any of the above inhibitors reduced [ 3 H]taurine uptake to sodium-free levels. It was also noted that nontransfected HEK293 had some taurine uptake activity albeit less than those expressing GAT2, but the data did not allow identification of the transporter involved. A low level uptake of taurine has also been described in HeLa cells (64) .
Comparison of [ 3 H]Taurine Uptake and [ 3 H]GABA Uptake by GAT2-Inhibition of [ 3 H]taurine and [ 3 H]
GABA uptake in HEK-GAT2 by unlabeled taurine and DDPM-1457 ((3S)-1-[4,4,4-Tris(4-methoxyphenyl)but-2-en-1-yl]piperidine-3carboxylic acid), which is a moderately potent mouse GAT2 inhibitor (65), was investigated as described above. Representative inhibition curves indicated that inhibition of [ 3 H]taurine uptake in HEK-GAT2 by nonlabeled taurine (Fig. 9C ) and FIGURE 7 . Confocal images of GAT2 protein in mouse liver. A and B, periportal labeling of GAT2 in the liver. Low magnification images of sections from wild-type mice which were double labeled with anti-GAT2 antibodies (red; Ab1068; 3 g/ml) and anti-CD31 antibodies (A, green; 0.5 g/ml; endothelial marker) or anti-glutamine synthetase antibodies (B, green; 1:500, pericentral hepatocytes marker). Scale bars, 50 m. C-G, higher magnification images of sections from wild-type (C-F) and knockout (G) mice that were double-labeled with anti-GAT2 antibodies (red; Ab1068; 3 g/ml) and anti-CD31 antibodies (green; 0.5 g/ml; endothelial marker). Note that GAT2 was not present in endothelial cells but in the plasma membranes of hepatocytes. Scale bars, 20 m. p, portal vein; cv, central vein.
DDPM-1457 ( Fig. 9E) is in good agreement with inhibition of [ 3 H]GABA uptake by HEK-GAT2 ( Fig. 9, B-D) . The resulting pIC 50 values (means Ϯ S.E., n ϭ 3) for taurine and DDPM-1457 are shown in Table 2 . Furthermore, a K m value of 210 M and a K i value of 220 M, respectively, could be calculated from the respective IC 50 values for taurine from these [ 3 H]taurine and [ 3 H]GABA uptake experiments.
Uptake of [ 3 H]taurine in Isolated Rat Hepatocytes Involves Both GAT2 and TAUT at Low External Taurine Concentrations-
From the above, it was clear that GAT2 indeed transported taurine. Because previous studies have demonstrated carriermediated taurine uptake by isolated rat hepatocytes (66) and attributed this to TAUT (30), we tested the substrate selectivity of the hepatocyte uptake of [ 3 H]taurine (35 M) . The uptake (Fig. 10 ) was sodium-dependent, and compounds that inhibit both GAT2 and TAUT (1 mM taurine, 1 mM hypotaurine, and 1 mM ␤-alanine) reduced the [ 3 H]taurine uptake to sodium-free levels. Interestingly, nipecotic acid (which inhibits GAT2 without interacting with TAUT (67, 68)) reduced the sodium-dependent [ 3 H]taurine uptake to about half. Similarly, GABA (0.3 and 1 mM) also reduced the uptake to half in agreement with the fact that GAT2 has high affinity for GABA (K m 18 M (2)), whereas TAUT has low affinity (K m 1.5 mM (26)). This suggested that two transporter proteins, GAT2 and TAUT, were significantly involved in hepatocyte taurine uptake. Organ Distributions of GAT2 and TAUT-Because GAT2 also is able to transport taurine, it became interesting to compare the expression levels and tissue distribution of GAT2 with TAUT ( Fig. 11, A and B) . The highest levels of GAT2 (Fig. 11A) were found in the liver followed by the kidney. The other organs tested had low levels, including skeletal muscle (data not shown). In contrast, TAUT (Fig. 11B ) had a wider organ distribution being present at significant levels in all tested organs. The highest levels were found in the ileum followed by the kidney and the spleen. The liver appeared to express somewhat more GAT2 than TAUT ( Fig. 11C ) and provided similar affinities of the two probes. A higher level of GAT2 than TAUT would also be in agreement with the hepatocyte taurine uptake activities ( Fig. 10) considering that GAT2 and TAUT took up similar amounts of taurine despite the differences in affinities.
Changes in Tissue Taurine Content in the GAT2-deficient Mice-To test if GAT2 is involved in taurine uptake in vivo, we measured the amino acid contents in livers, kidneys, and brains from wild-type and GAT2 knockout mice by HPLC analysis (Table 3) . Alanine, glutamate, glutamine, glycine, and leucine, as well as glutathione (GSH), were similar in tissues from wildtype and GAT2-deficient mice. Brain GABA levels were also the same. In contrast, the taurine levels were significantly altered in the liver and in the brain. The GAT2 knockout mice had only half as much taurine in their livers as their wild-type littermates. In the brain, it was the other way around; the taurine levels in the brain were slightly, but significantly, elevated in the GAT2-deficient mice.
Deletion of the GAT2 Gene Did Not Down-regulate TAUT-As deletion of one gene may affect the expression of another, we compared the TAUT mRNA levels in livers from wild-type and GAT2-deficient mice using TaqMan Real Time PCR to check whether the loss of taurine was simply due to the reduction of TAUT. Clearly, the TAUT levels were not reduced in the GAT2 knockout mice (Fig. 11D ). There were also no significant changes in the levels of GAT1, GAT3, and BGT1 (data not shown).
DISCUSSION

GAT2 Is the Major Taurine Transporter in Hepatocytes at
Normal Plasma Taurine Levels-Taurine is ubiquitously distributed in the body and is present at a high concentration in animal tissues (27, 28) , and taurine-deficient diets cause significant reduction of tissue taurine levels (69) , suggesting that uptake of taurine from the gut is quantitatively more important than synthesis from taurine precursors. In agreement with this notion and with the wide distribution of TAUT ( Fig. 11) (24, 25) , TAUT-deficient mice exhibited severe taurine deficiency (80 -98% loss of taurine) in multiple organs (including the brain, retina, kidney, skeletal muscle, and heart). However, the reduction of taurine in hepatocytes was only about 30% (38) . The data we present here offer an explanation; GAT2 is a major taurine transporter in hepatocytes. This conclusion is based on the observations that GAT2-deficient mice had reduced liver Bl6 mice (2-3 months old) . A, distribution of GAT2 mRNA (mean Ϯ S.E.; n ϭ 3 mice) relative to liver using the Mm00446836_m1 probe ( Fig. 3) . B, TAUT mRNA in the same organs relative to the levels in the ileum. The data represent duplicate measurements from one mouse (mean value; the error bars represent the highest value). Inset, comparison of TAUT mRNA levels (means Ϯ S.E., n ϭ 3 mice) in the renal medulla (M) and renal cortex (Co). C, levels of mRNA encoding GAT2 and TAUT relative to GAPDH in mouse liver. Comparison of the GAT2 and the TAUT levels suggested that they were within the same order of magnitude but that the TAUT levels may be slightly lower provided the probes used were equally efficient. D, deletion of GAT2 gene did not effect the TAUT mRNA expression. Taqman real time PCRs were used to measure GAT2 mRNA (solid bars, Mm01184315_m1) and
TauT mRNA (open bars, Mm00436909_m1) in the GAT2 wild-type and knockout littermates (n ϭ 3). taurine levels and that GAT2 is expressed in hepatocytes and can transport taurine. Furthermore, deletion of GAT2 did not induce major changes in TAUT expression. Finally, with the exception of hypotaurine, GAT2 cannot transport compounds required for taurine synthesis (e.g. DL-methionine, L-cysteine, and cysteine sulfinic acid). In fact, GAT2 is predominantly expressed in the periportal region. In contrast, both the transport system for cysteine (70) and cysteine dioxygenase (71, 72) , which is one of the key enzymes in taurine biosynthesis, are localized in perivenous hepatocytes. Thus, the hepatocytes with the highest capacity for taurine synthesis are not those with the highest GAT2 levels. Consequently, the reduced taurine content is due to reduced uptake rather than to reduced synthesis. The experiments shown ( Fig. 10) suggested that GAT2 and TAUT contributed equally to taurine uptake. However, at the substrate concentrations used (35 M), TAUT was fully saturated (given the K m of 4.5 M in mouse (24)), whereas GAT2 was operating at a fraction of its capacity (given the K m values of 200 -500 M). This is relevant because the normal taurine concentrations in plasma are at around 400 M (28) implying that GAT2 can be expected to dominate hepatic taurine uptake at physiological concentrations.
Most of the GABA Uptake by Hepatocytes Is Catalyzed by GAT2-This study agrees with previous reports that uptake of GABA in the liver is predominantly due to GAT2 (12) (13) (14) . First, the substrate selectivity matches that of GAT2. Second, the two other high affinity GABA transporters (GAT1 and GAT3) are not significantly expressed in the liver. Third, BGT1 is present in the liver (11) but has lower affinity for GABA (2, 18, 73, 74) .
The level of GABA in liver tissue was low probably because the liver does not synthesize GABA (75), but rather it metabolizes GABA (76 -78) taken up from the blood. In fact, the GABA concentration in portal venous blood is significantly higher than that in arterial blood (79) , and whole body autoradiography following injection of radioactively labeled GABA shows that most of the GABA is taken up by the liver (12, 13) . Together, this suggests that the liver is the primary organ responsible for GABA clearance from systemic circulation and that GAT2 is the transporter involved.
It is not known at present how important it is to keep the plasma levels of GABA low, but it may be important if GABA indeed has a signaling role in the immune system and in other peripheral organ systems as suggested (16, 17) . The GAT2 knockout mouse produced here may be a good model for testing this hypothesis.
GAT2 May Function as a Brain-to-Blood Efflux System for Taurine-Most of the taurine in the brain is believed to have been acquired by means of uptake from blood plasma rather than having been synthesized locally (27) . The brain has also been reported to be able to release taurine (and GABA) to the blood via a sodium-dependent transport system that is sensitive to inhibition by taurine, ␤-alanine, and GABA (31, 35, 37) . We now know that these compounds inhibit not only TAUT but also GAT2.
Considering this, it is striking that deletion of GAT2 resulted in increased taurine levels in the brain (as shown here), although deletion of TAUT resulted in a dramatic reduction (30) . This suggests that the two transporters play different roles in the brain. Their distributions are also different. Although high resolution immunocytochemical data are not available for TAUT, it seems clear that TAUT is expressed at fairly high levels in brain parenchyma (80, 81) . This is in contrast to GAT2, which is restricted to the blood-brain barrier (leptomeninges and in some cerebral blood vessels as shown here). Based on the above, it seems legitimate to propose that the brain is taking up taurine by means of TAUT and is secreting taurine by means of GAT2.
Role of GAT2 in Controlling Transmitter GABA Seems Unlikely-Although the levels of GAT2 in the brain are believed to be low (2), the contribution of GAT2 to the inactivation of GABA has not been determined due to the difficulties in localizing proteins expressed at low levels without access to knockout animals (see Discussion in Ref. 47 ). Here, we sort this out by quantifying mRNA and by using several GAT2 antibodies in combination with GAT2 knockout mice. We conclude that cerebral GAT2 is confined to the leptomeninges and to some large blood vessels. This argues strongly against a role of GAT2 in controlling extracellular GABA levels and thereby GABA receptor activation in the adult brain for several reasons. First, GAT1 (82) and GAT3 (21) are expressed at levels that are orders of magnitude higher than those of GAT2 (2, 4, 10, 11) . Second, sub-millisecond transmitter removal requires more vacant binding sites (transporter molecules) than released neurotransmitter molecules (57, 83) . This explains why GAT1 (82) and GLT1 (84 -86) are expressed at such high levels in the brain.
TABLE 3
The amino acid profile between wild-type (؉/؉) and GAT2 knockout (؊/؊) tissues HPLC analysis of tissue components (nmol/mg tissue). The GAT2 knockout mice (n ϭ 4; three of which were females) were statistically different from wild-type mice (n ϭ 6; five of which were females) with respect to taurine levels in the liver (p Ͻ 0.0063) and in the brain (p Ͻ 0.0057). The ages of the mice were 123-138 days. GABA was below detection limit (ND) in liver and kidney.
GAT2 Is Unlikely to Take Up Amino Acids from the Glomerular Filtrate-The kidney is, beside the liver, the organ where GAT2 is expressed at the highest levels. Interestingly, GAT2 is not targeted to the brush border but instead to the basolateral membranes. This suggests that GAT2 interacts with the interstitial fluid (and thereby blood plasma) rather than with the glomerular filtrate. Further studies are needed to identify the exact roles of GAT2 in the kidney.
Conclusions-This study is the first report on the creation of GAT2 knockout mice and provides an overview of GAT2 expression levels and localizations as follows. (a) GAT2 is predominantly a liver protein, and it is a major taurine transporter in hepatocytes. It also appears to be the major mechanism for maintaining low GABA levels in blood plasma. This may be important if GABA indeed acts as a peripheral signaling molecule (16, 17) . (b) GAT2 is not likely to be involved in neurotransmitter inactivation in the brain, but GAT2 at the bloodbrain barrier may be an efflux transporter for brain taurine. Studies are under way to test if GAT2 is important for brain osmoregulation. (c) Considering the fairly high expression levels in proximal tubules, it is plausible that GAT2 plays an as yet unidentified role in the renal handling of taurine. (d) The GAT2 knockout mouse described here will be a good model for studies of the physiological and pathophysiological roles of GAT2.
